Abstract. Results of two-and four-particle angular two-dimensional correlations in pPb collisions at a nucleon-nucleon center-of-mass energy of 5.02 TeV, collected with the CMS detector, are presented. In high-multiplicity pPb events a ridge-like structure at the near-side emerges in two-particle ∆η − ∆φ correlation. It is compared to the ridge found in 2.76 TeV PbPb collisions. In both systems, the ridge yield rises, reaches a maximum at pT ≈ 1 − 3 GeV/c and then decreases at higher pt, and increases monotonically with multiplicity. The 2-nd order Fourier harmonic has qualitatively similar pT dependence, but with a moderate multiplicity dependence in both systems. The multiplicity dependence of the 3-rd Fourier harmonic is rather similar for pPb and PbPb collisions. Color glass condensate and hydrodynamic predictions are compared to the experimental results.
Introduction
Two-and multi-particle correlations are promising tool to study collective phenomena in high energy protons and nuclei collisions. Correlating particles in ∆φ and ∆η 1 a reach structure emerges. The finding of the ridge structure in both PbPb [1] and pPb [2] CMS data attracted a lot of attention. A most pronounced source of the composite signal originate from the second Fourier component, called 'elliptic flow'. The third Fourier component, the triangular flow, appears to be a significant source of the overall signal too. Recently, a similar long-range (|∆η| > 2) correlation has been found in smallest pp system [3] with very high multiplicity. Usually hydrodynamics is used to explain seen phenomena in large nucleus-nucleus collision system, while different theoretical models are trying to explain it for the small systems formed in pp or pPb collisions.
Experiment
The Compact Muon Solenoid (CMS) experiment is a general-purpose particle detector at the Large Hadron Collider (LHC) at CERN. It has a cylindrical layered subdetector structure with huge dimensions: 25 m long, 15 m in diameter and its weight is about 12500 tons. The innermost layer is silicon tracker. It is surrounded with electromagnetic and then with hadronic calorimeter. All of them are inside the CMS solenoid which produces 3.8 T magnetic field. Muon chambers are placed outside the magnet. As the detector covers full azimuthal angle and a large pseudo-rapidity range it is well suited for the correlation studies. A more detailed description of the CMS detector can be found in [4] . The main results in the analysis presented here are obtained using the silicon tracker.
Experimental data
The LHC pPb run at the beginning of 2013 provided data used in this analysis. . Only tracks with |η| < 2.4 and p T > 0.4 GeV/c were counted. Details on the criteria applied on track selection are described in [5] .
3. Methodology 3.1. Two-particle correlation function The two-particle correlation is built by pairing 'trigger' and 'associated' particle. The trigger (associated) particle is defined as charged primary particle within a given p trig T (p assoc T 2 ) range. With N trig is denoted the number of trigger particles in the event. For each centrality, i.e. track multiplicity class, the per-trigger particle associated yield is defined as
The signal distribution, normalized by N trig ,
is constructed by pairing particles within the same event, while the normalized background distribution
2 which could be either the same or different from the p trig T range is obtained by forming pairs where the trigger particle is taken from one event while associated particles are taken from another event. In order to reduce statistical errors which comes from the background, the event mixing procedure is repeated 10 times by choosing different, but topologically similar events. The normalization of the correlation function is achieved by factor B(0, 0) in (3.1) which represents mixed-event associated yield around zero 3 .
3.2. Fourier harmonics from two-and four-particle correlations For a given (p trig T , p assoc T ) bin, the azimuthal anisotropy harmonics, V n∆ , are obtained from a Fourier decomposition of long-range two-particle ∆φ correlation function 1
In Fourier decomposition (3.4) the first three harmonics are included. Inclusion of higher harmonics gave negligible effects on the Fourier fit. The long-range correlation is obtained by applying an η gap of 2 units in order to remove short-range correlations which comes from jet fragmentation. Using the fitted Fourier harmonics V n∆ , the elliptic and triangular flow harmonics are extracted as
The p T range for the 'reference' particle is 0.3 < p T < 3.0 GeV/c. Beside the two-particle correlations, the Q-cumulant method [7] based on fourparticle correlations have been also used to extract the elliptic flow. First, one calculates the reference value
where four-particle cumulant c 2 {4} is obtained as
In (3.7), φ i , i = 1, ..., 4 are azimuthal angles of four corresponding particles in a given event while denotes an averaging over all particles and over all events in an analyzed multiplicity range. Once, having reference elliptic flow determined by (3.6) the differential elliptic flow is given by
With d 2 {4}(p T ) is denoted differential four-particle cumulant which is obtained using (3.7) with a requirement that one of four particles belongs to the given p T interval. As the four-particle cumulant method, by itself suppresses short-range correlation, an explicit η gap requirement was not applied. intervals. In order to emphasize the structure, the near-side peak from the jet fragmentation has been truncated. peak near (∆φ, ∆η) = (0, 0), which appears due to the jet correlation, is truncated. Beside the jet structure, a strong 'ridge-like' structure at ∆φ ≈ 0 and elongated in ∆η is seen. Earlier, such a structure is seen both in PbPb and in high-multiplicity pp collisions. There is also a long-range structure on the 'away' side (∆φ ≈ π). Together, such a cos(2∆φ) structure arises mainly due to the elliptic flow in noncentral nucleus-nucleus collisions [8] .
Results

2-D two
In order to investigate the seen structure quantitatively we divided it into two regions: 'short-range' and 'long-range' regions which cover |∆η| < 1 and |∆η| > 2 respectively which then were projected onto ∆φ axis. The obtained projections are shown in interval selections. In both cases p T interval of associated particles is kept fixed. The lines represent Fourier fit from Eq.(3.4). A similar structure and its evolution with p T is seen for both PbPb and pPb collisions. In the 'long-range' region, the near side signal has a small variations, while in the 'short-range' region it is opposite. So, the jet fragmentation and 'longrange' correlations contribute to the 'short-range' region, while in the 'long-range' Integrating the associated yield of the near-side (∆φ < 1.2) correlations, quantitative comparisons between the 'short' and 'long-range' region could be performed. By subtracting the integrated yield of the 'long-range' region 4 from the one in the 'short-range' region, the 'jet yield' is obtained. The obtained results are shown in Fig. 4.3 for the high-multiplicity pPb (solid circles) and PbPb (solid squares) events. The ridge yield rises with transverse momentum reaching a maximum at p with p T and has similar magnitude in both colliding systems. There is a simple explanation for a such behavior: higher jet energy means more particles associated to the jet.
In Fig. 4 .4 are shown the ridge (left) and the jet (right) yields in function of multiplicity for the same p T interval of trigger and associated particles. The ridge yield has a monotonic rise with multiplicity. At a given multiplicity, the ridge yield decreases going from PbPb, trough pPb to the smallest pp system. Similarly to the pp and pPb collisions, the ridge yield in PbPb case achieves non-negligible values for N of f line trk 40 − 50. In contrast to the ridge yield, the jet yield has a moderate rise with multiplicity. There is a slight, nearly no significant difference in magnitude between the jet yield in PbPb and pPb collisions.
According to the color glass condensate (CGC) model, the ridge-like structure in pPb collisions is attributed to the initial state gluon correlations. Within that model, the contribution of collimately emitted gluons is enlarged in the gluon saturation regime [9, 10, 11] . The model qualitatively describes the data. As the model calculation depends on saturation scales, the CMS data could provide constraints on these parameters in the CGC model. Another model, relativistic hydrodynamics, also predicts the long-range correlations in pPb collisions [6] as a consequence of a collective movements. In order to compare with hydrodynamic predictions the elliptic (v 2 ) and triangular (v 3 ) were calculated from Fourier decomposition of 1-D ∆φ correlation functions in the longrange region. The obtained coefficients, in function of p T , are shown with solid red circles in Fig. 4 .5 and 4.6 respectively. In order to reduce non-flow correlations, the v 2 has been additionally extracted using four-particle cumulant method. Hence, this method gives cleaner measurement of collective movements which involves many particles. These results are shown with solid blue squares in Fig. 4 .5. The analysis was performed in four multiplicity intervals. The difference between the v 2 {2, ∆η > 2} and v 2 {4} could come from event-by-event fluctuations in the flow signal. The magnitude of the v 2 harmonic in PbPb is bigger with respect to the one in pPb collisions. The v 3 harmonic has a smaller magnitude than v 2 . The elliptic and triangular flow shows a similar p T dependence. The hydrodynamic predictions for the highest analyzed multiplicity interval in pPb data is shown. The hydro calculation describes well the v 2 {4} although it does not includes the eventby-event fluctuations. The inclusion of these fluctuations would bring the hydro line somewhere between v 2 {2} and v 2 {4}. Under assumption that the jet correlations does not depend on the event multiplicity in the pPb collisions one can subtract the dash-dotted lines. At higher p T this procedure makes v 2 smaller with respect to the v 2 {2} which is consistent with a stronger jet correlations at higher p T . The triangular flow remains unchanged under such a subtraction as it can be seen in Fig. 4.6 . The CMS results presented in this analysis has much better precision with respect to the ones previously obtained by the ALICE [12] and ATLAS [13] experiments.
Results for the multiplicity dependence of the elliptic and triangular flow in PbPb and pPb collisions, averaged within 0.3 < p T < 3 GeV/c, are shown in Fig. 4 .7 and 4.8 respectively. In the case of PbPb collisions, the elliptic flow moderately increases with multiplicity, while in the case of pPb collisions it stays relatively constant for larger multiplicities. As it is expected, the magnitude of the v 2 in PbPb collisions is bigger with respect to the one in pPb collisions. This is consistent with the multiplicity dependence of the associated yield shown in Fig. 4.4 . The triangular flow, v 3 , has a similar magnitude in both PbPb and pPb collisions. Within the hydrodynamics model such similarity in v 3 is not expected as the initial state geometry is rather different in PbPb and in pPb collisions. The v 3 Fourier coefficient is largely determined by the event-by-event initial state geometry fluctuations. In the low-multiplicity region feasibility of the v 3 {2} and v 2 {4} measurements is poor. It could be due to the absence of collective movements in low-multiplicity events or due to the breakdown of four-particle cumulant technique. With dash-dotted lines are shown also the results obtained by applying the procedure of subtracting the low-multiplicity data. These results gives almost the same values as v 2 {2} in high-multiplicity region which is expected as the jet contribution is suppressed by a factor 1/ N of f line trk . The same procedure does not change the v 3 results at all. In Fig. 4.9 , the multiplicity dependence of v 2 {2} and v 2 {4}, averaged over 0.3 < p T < 3.0 GeV/c, from pPb data collected by the CMS experiment are com-pared with those from the ATLAS experiment 5 . The v 2 {4} ATLAS results are systematically higher with respect to the CMS data. The seen discrepancy is not large with respect to the errors. Here should be mentioned that the applied cuts on compared ATLAS and CMS data are not precisely the same. 
Summary
Differential analysis of the two-and four-particle correlations is performed on pPb data at √ s N N =5.02 TeV collected by the CMS detector. A direct comparison between the results from pPb and PbPb is presented as a function of transverse momentum and event multiplicity. The results have been compared with color glass condensate and hydrodynamic predictions as well as with findings from the other experiments. Available statistics which spans over a very broad transverse momentum and particle multiplicity range should provide significant constraints on theoretical predictions of the origin of the long-range ridge phenomena formed in small collision system.
